S
trabismus is a common ocular motor disorder characterized by a misalignment of the eyes, with 3-5% of the children in the United States affected. 1, 2 Patching and glasses are often the first line of treatment, but surgery is required for persistent misalignment to improve the potential for recovering or preserving binocular function. Surgical treatment of strabismus entails either resection of the "underacting" extraocular muscle (EOM), recession of the "overacting" muscle, or a combination of both procedures. Surgical success rates vary, and these depend on the type of strabismus. Surgical success rates also vary if they are characterized by only their motor outcome, that is, eye position, or if both sensory and motor outcomes of surgery are measured. In children, surgical failure rates are reported to be as high as 50%. 3, 4 Botulinum toxin injections are also an effective treatment, although more often when the angle of misalignment is small. 5 Botulinum toxin only weakens an "overacting" muscle. To parallel the effects of incisional surgery, a pharmacologic treatment is needed that can strengthen an "underacting" muscle. We have shown that injection or sustained release of insulin-like growth factor-1 (IGF-1) in the EOM of adult rabbits effectively increases both muscle cross-sectional area and muscle force generation. 6 -8 Work in developing and juvenile chickens also shows that single orbital injections of IGF-1 increase the strength and mass of treated EOM. 9, 10 In this study, we sought to determine whether 3 months of sustained release of IGF-1 in the EOM of a non-human primate would result in increased muscle size and alteration of eye position. The macaque monkey has binocular coordination of eye movements similar to that of humans and, to move toward a phase I clinical trial, effectiveness in a similarly binocular visual system is imperative. It is well known that creating strabismus in infant monkeys by surgical manipulation of the EOMs is difficult. 11 Most primate models of strabismus involve perturbations of the afferent pathway in the infant monkey, including monocular deprivation 12 or rearing with prism goggles. 13 Therefore, an additional goal of this study was to determine whether treatment of both medial rectus (MR) muscles would be sufficient to induce strabismus in normal infant monkeys. The results were surprising, based on our previous studies using unilateral IGF-1 and BMP-4 (bone morphogenetic protein 4) treatment in adult rabbits. 6 -8 Sustained IGF-1 treatment over 3 months altered muscle properties in the infant monkey, but essentially did not alter functional eye alignment. These results suggest that ongoing processes of muscle and innervational adaptation play an important role in the maintenance of binocular fusion.
METHODS
Macaca mulatta monkeys aged 1 to 2 weeks were obtained from the breeding colony at the Yerkes National Primate Research Center, Emory University in Atlanta, Georgia. All experiments were approved by the Emory University Animal Care Committee, and followed the National Institutes of Health and ARVO guidelines for use of animals in research. The infant monkeys were photographed to document orthotropic eye alignment before treatment, and all were normal. The pellets, measuring 3 ϫ 1.5 mm, released 1 g IGF-1/d for a total of 90 days (Innovative Research of America, Sarasota, FL). This release rate was based on a large number of previous studies examining dose effects from single injections in rabbits 6, 7 and the effect of pellets on rabbit EOM. 8 Before implantation, pellets containing IGF-1 were gas sterilized. Under general anesthesia, an incision was made in the medial conjunctiva, and the MR muscles were visualized surgically. The muscles were retracted with a small muscle hook at their point of insertion, and the pellets were placed in Tenon's capsule overlying each MR muscle. The conjunctiva was closed with 8-0 ophthalmic suture. The infants were monitored visually for postimplant alignment and eye motility. Eye alignment was assessed by corneal light reflexes, which are relatively imprecise. Essentially no change in alignment was detected and confirmed by two independent observers. In addition, we obtained the rectus muscles from a 3-month-old macaque that had to be euthanized due to a trauma unrelated to the head. These muscles served as age-matched controls.
Three months after implantation, the monkeys were euthanized by staff veterinarians at the Yerkes Primate Center. All extraocular muscles were dissected from origin to insertion, embedded in tragacanth gum, and frozen on 2-methylbutane chilled to a slurry on liquid nitrogen. The tissue was stored at Ϫ80°C until processed. The muscles were sectioned at 12 m in a cryostat and processed for immunochemical visualization of fast, slow, developmental, and neonatal myosin heavy chain (MyHC) isoforms (fast and slow, 1:40; developmental and neonatal, 1:20; Vector Laboratories, Burlingame, CA). In addition, sections were selected to represent regions near the entry zone of the oculomotor nerve division into the muscles, as well as sections toward the tendon end of the muscle, and immunostained for the presence of myelinated nerve fibers using an antibody to Schwann cell myelin (1:50; Cosmo Bio Co., Tokyo, Japan) or neurofilament (1:1000; Covance, Princeton, NJ). The sections were incubated in reagents from a commercial kit (Vectastain Elite ABC kit; Vector Laboratories) and reacted using the diaminobenzidine procedure intensified by the addition of cobalt chloride and nickel ammonium sulfate solutions. Sections immunostained for the MyHC isoforms were analyzed for mean myofiber cross-sectional area and percentage of myofibers positive for each of the individual MyHC isoforms based on total fiber number. Three slides each were analyzed for each immunostain in the midregion of the rectus muscles and in the tendon region. Slides were chosen by determining distance from the tendon end of all muscle fibers, as well as close examination of fast MyHC isoform expression patterns, which are illustrative of position along the muscle length. A total of three to five fields were counted to count a minimum of 200 myofibers in both the orbital and global layers per stained slide, using the central region of each muscle section to avoid potential edge effects. In addition, total myofiber number was determined by counting every myofiber in whole muscle cross-sections, keeping the counts of orbital and global layers separate. Minimally, three slides were counted in their entirety, for the control MR and for all four IGF-1-treated MR. Schwann cell myelin and neurofilament-stained material were analyzed to measure the area occupied by nerve bundles (in m 2 ) positive for myelinated axons as a ratio of total muscle area (in m 2 ) per microscope field examined both for the tendon and midbelly regions. A total of three to five fields were examined per region per muscle section. Data are presented as mean Ϯ SEM. All quantification was performed using imaging analysis software (BioQuant Nova Prime morphometry program; BioQuant, Nashville, TN).
RESULTS
After 3 months of sustained IGF-1 treatment to the MR muscles, the pellets were in position over each of the treated MR muscles (Fig. 1 ). Mean muscle cross-sectional areas of global layer fibers were larger in the MR muscles after 3 months of IGF-1 treatment compared with the age-matched control muscles (Fig. 2 ). In the treated MR, these fiber changes were most pronounced in the global layer in both the midregion and tendon ends of both the treated MR muscles. The antagonist lateral rectus (LR) muscles also had noticeably larger mean cross-sectional areas in the global layer compared with controls ( Fig. 2) . In the global middle and tendon regions, cross-sectional areas increased approximately 2-fold in the treated MR muscles and 2.5-fold in the untreated antagonist LR muscles. It is unlikely that changes in the LR muscle were due to unintended diffusion of IGF-1 within the orbit, in part due to the extremely low release rate of IGF-1 from the pellets and potentially the confinement of the pellet within the connective tissue sheaths of the MR muscles. To test this, the superior (SR) and inferior (IR) rectus muscles were analyzed to determine whether changes in the contralateral LR could be due to diffusion of drug (Fig. 2) . The mean cross-sectional myofiber areas of both the SR and IR muscles were similar to the control MR muscles. Thus, it is unlikely that changes in the LR were due to "diffusion" of IGF-1 within the orbit. To determine whether the IGF-1 resulted in hyperplasia, all myofibers were counted in the control and IGF-1-treated EOM, and no differences were seen in total counts (Fig. 3) or when analyzed as fiber number in the orbital or global layers (Fig. 3) .
The effect of the sustained IGF-1 treatment on innervation was also assessed. Myelinated nerve fiber densities in the treated MR muscles were increased 2-fold in both the midregion and tendon ends of the muscles (Fig. 4) . The contralateral antagonist LR muscles showed a 50-fold increase in myelinated nerve density in the tendon region of the muscles. In addition, examination of the density of neurofilament-positive axons showed a relatively similar picture (Fig. 5 ). This analysis also points out some pronounced differences in nerve density between control MR and LR muscles. Although the overall nerve density is similar in the middle regions of both muscles, there is a 25% greater nerve density in the tendon region of the MR muscles. Because this is normalized to muscle area, this difference must be based on functional differences in this region of the MR muscle compared with the LR.
IGF-1 plays a role in muscle growth, so changes in the population of myofibers expressing the two "immature" MyHC isoforms were examined. In the midregion of the treated MR muscles, there was a large decrease in the percentage of myofibers expressing embryonic MyHC (Fig. 6) . A similar trend was seen in the tendon region of the treated MR. In contrast, in the untreated antagonist LR muscles there was an increase in the proportion of embryonic MyHC positive myofibers (Fig. 6 ). In the treated MR muscles, the global layer increased its expression of neonatal MyHC, whereas the orbital layer was either unchanged (midregion) or decreased (tendon region) (Fig. 7) . The levels of neonatal MyHC expression in the LR muscles were very limited in these specimens. No changes were seen in the percentage of myofibers expressing fast MyHC in any of the muscles examined (data not shown).
DISCUSSION
Bilateral treatment of the MR muscles in infant primates with sustained release of IGF-1 for 3 months resulted in changes in myofiber cross-sectional area and innervational density in the treated muscles. The nontreated antagonist LR muscles were comparably altered bilaterally. Area measurements in the IR and SR of the treated monkeys were similar to those measured in the control MR muscles; thus, it is unlikely that changes in the LR were due to "diffusion" of IGF-1 within the orbit. Compensatory changes have long been hypothesized to play a role in determining the response to strabismus treatment. 14 Previous studies have demonstrated a significant increase in muscle force generation, both as measured in grams and as specific tension (force/muscle cross-sectional area). 6 -8 It is possible, however, that a significantly larger daily dose of IGF-1 might be able to override binocular fusion sufficiently to alter eye position because it is unknown what dose is needed to saturate all IGF-1 receptors in the infant EOM, and receptor turnover and upregulation with increased exposure to exogenously added IGF-1 may occur. It may also be that doses will vary significantly in adults compared with the infants studied here. Future experiments will address this.
It is striking that the size ratio difference between the LR and MR muscles is relatively unaltered compared with control in these muscles after 3 months of continuous MR treatment with IGF-1. Myelinated nerve density increased after the sus- tained IGF-1 treatment. Interestingly, there was a 2-fold increase in nerve density in the treated MR, whereas in the antagonist LR there was a 50-fold increase in nerve density. This is quite remarkable because the LR muscles were not exposed to exogenous IGF-1. These results suggest that pronounced adaptations occur in the antagonist LR as a consequence of sustained exogenous IGF-1 dosing to both MR muscles. These adaptations may result from increased resting tension in the LR muscles as a consequence of bigger, stronger MR muscles, or they could result from central adaptations in the version and vergence systems that maintain alignment.
It is interesting that only minimal changes were seen in MyHC isoform expression patterns except for embryonic MyHC. These changes were inversely related in the MR and LR muscles, with decreased percentages of embryonic MyHCcontaining fibers in the treated MR and increases in the contralateral but untreated LR muscles. No changes were seen in fast MyHC isoform expression. In an earlier study, we showed that 1 week after a single injection of IGF-1 in rabbit SR muscle, the percentage of positive myofibers for both embryonic and neonatal MyHC isoforms decreased, with concomitant reductions is shortening velocity. 7 Future studies will include examination of muscle force and contractile characteristics in the treated non-human primate muscles.
IGF exerts an important role in muscle development and growth. 15, 16 It is downregulated in adult noncranial skeletal muscle, but is reexpressed after muscle injury, playing a role in facilitating muscle regeneration. 17 There is a great deal of literature supporting the ability of exogenously added IGF-1 to increase muscle size and force generation in diseased and aging skeletal muscle. 18 -20 Although we recently demonstrated that there is no correlation between myofiber diameter and force generation in single isolated normal adult EOM myofibers, 21 previous studies using both acute 6, 9 and long-term IGF treatment 7 demonstrated that muscle force generation is significantly increased by this treatment. In the present study, the increase in mean myofiber cross-sectional area in the treated MR muscles supports this view. However, the coordinated changes in the antagonist muscles we observed could have the effect of maintaining normal alignment in these treated infant monkeys. It was possible that myofiber hypertrophy induced by IGF-1 treatment could also be accompanied by myofiber hyperplasia. This question was answered by examination of the mean of the total number of myofibers in control and IGF-1-treated MR that did not appear to differ, suggesting new fiber formation did not occur. This is supported by the lack of increased numbers of myofibers expressing the immature MyHC isoforms, and by our previous study showing that myofiber remodeling is not correlated with increased numbers of neonatal MyHC-expressing myofibers. 22 The growth-promoting effect of IGF-1 on nerve outgrowth is also well established. For example, exogenous addition of IGF-1 or -2 results in intramuscular nerve sprouting in normal adult skeletal muscle. 23 When applied to motor nerves, rapid axoplasmic transport occurs, where it presumably exerts trophic influence on the motor neurons. 24 During motor nerve regeneration supplying adult muscles, where expression is downregulated, increased expression of IGF-1 was temporally correlated with nerve growth. 25 IGF-1 promotes motor neuron survival in developing oculomotor neurons, and exogenous treatment increases neurite outgrowth in vitro. 26 Thus, the increase in nerve density after 3 months of sustained IGF-1 treatment would be an expected sequela. However, the similar and coordinated increase in the nerve density in the untreated LR muscles was not expected. The LR muscle is innervated by the motor neurons in the abducens nucleus, whereas the MR is innervated by the oculomotor nucleus. These results suggest a robust ability of the ocular motor system to communicate alterations of properties in the treated neurons to the untreated motor neurons of the antagonist muscle. The results of our study do not point to a clear mechanism, and experiments are under way to elucidate this.
Detection of binocular visual error by the cortical system may have led to ocular motor adaptations, including changes in muscle innervation and contractility. Centrally, communication of changes between yoked muscle-neuronal pairs may have occurred. A potential candidate for this internuclear communication is the abducens interneuron population, projecting directly from the abducens motor nucleus to the contralateral oculomotor nucleus. 27 Retrogradely transported growth factors have been shown to alter contractile properties in treated motor units. For example, after axotomy of the abducens nerve, exogenously added neurotrophin-3 or brain-derived neurotrophic factor each restore different aspects of firing rate characteristics in abducens motor neurons. 28 We have previously shown that treatment of rabbit EOM with IGF-1 alters the peak rate of force development. 7 This alteration in contractility is most likely due to alteration in motor neuron firing rate. 29 Recent work has confirmed these findings in juvenile chick EOM. 30 Future work will attempt to address the potential mechanism(s) of the communication to the motor nucleus of the antagonist, yet untreated, muscle.
This bilateral sustained IGF-1 treatment, although causing both increased innervation to the muscles and increased myofiber size, did not result in the development of a strabismus. This was not an unexpected result because it is well known that the brain maintenance of binocularity is extremely robust in normals. 31 Primate models of experimentally induced strabismus all involve significant afferent perturbations, including prolonged alternating monocular occlusion, 32, 33 induced anisometropia, 34 or prism goggles. 13 In an otherwise normal monkey, our results support the concept that the normal ocular motor system can adapt to changes of slow onset and retain binocular coordination by generating similar changes in antagonist muscles.
Although the factors that allow maintenance of binocular alignment in this model are likely complex and are not yet worked out, there are two most likely mechanisms. The first invokes Hering's law of equal innervation, a mechanism proposed to account for eye movement conjugacy. Hering's law postulates that to maintain conjugate gaze, the brain sends a similar command to yoked muscles. For vertical eye movements, a structural substrate does exist: premotor neurons project to yoked muscles of both eyes. 35 For horizontal eye movements, the picture is more complex. Internuclear neurons between the abducens nucleus and the oculomotor nuclei allow coactivation of synergistic muscles. Second, a strong body of research suggests that a large population of cranial motor neurons to the EOM selectively provide uniocular eye commands. 36 Although the brain sends specific signals for the left and right eyes, Hering may still be partly right, in that the ocularmotor system has innate systems that control and maintain conjugacy of both eyes. Evidence suggests that the poste- rior parietal cortex controls binocular coordination of saccades, 37 and that adaptations restore functional yoking of eyes to preserve conjugate gaze. 38 Our data demonstrate distinct properties relative to the innervation of the muscles themselves in relation to Hering's law. First, although nerve density is similar in the midregion of both the control MR and LR, within the tendon region a striking difference in innervation density is seen. This could be due to different myofiber numbers in the LR and MR muscles, 39 different proportions of multiply innervated myofibers in these two muscles, 40 the presence of greater numbers of short fibers within the MR, 41 or a combination of all these factors. Thus, "equal innervation" is more aptly called "proportional innervation," and this proportionality must be maintained to retain conjugate gaze. After 3 months of sustained IGF-1 treatment, in the tendon region of the treated MR muscles innervation density increased 2-fold, although there was a 50-fold increase in the tendon region of the LR muscles in the orbit with the treated MR muscles (see Figs. 4 and 5). The explanation for this difference is unclear. However, it supports the view that feedback of the imposed changes in the treated MRs was communicated to the brain, resulting in LR adaptation. One hypothesis is that abducens internuclear neuronal signaling that is provided to the yoked muscles controls this process (Fig. 8) . Although further studies are needed to dissect out the potential CNS mechanisms that control these adaptations, one has to assume that the coordinated nerve outgrowth in the untreated LR muscles was due to an active process. It is interesting to point out, however, that the same treatment given to an adult strabismic monkey, in that case being administered unilaterally, resulted in large bilateral reduction in the angle of eye deviation in primary gaze (McLoon LK, et al., unpublished data, 2010).
Another possible mechanism for maintenance of alignment in this model is an increase in divergence tone in response to the convergent error associated with treatment-related changes in the MR muscles of each eye. To maintain binocularity in the setting of bilaterally stronger, bigger MR muscles, active divergence would be required. These innervational changes may come in the form of increased neuronal firing rate, an increase in innervational density, or, more likely, both. Irrespective of whether the mechanism is principally driven by the vergence systems, the end result is maintenance of binocularity.
In summary, 3 months of sustained release of IGF-1 delivered to both MR muscles in infant monkeys resulted in pronounced bilateral increases in the mean cross-sectional areas of myofibers and in nerve density in both the treated MR muscles and the antagonist but untreated LR muscles. Central and peripheral adaptive mechanisms provide sufficient ocular motor plasticity, especially in an infant non-human primate model, to compensate for slow growth induced by sustained low levels of IGF-1 treatment of the medial rectus muscles.
